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MICRO-LENS ARRAYS AND CURVED 
SURFACE FABRICATION TECHNIQUES 

RELATED APPLICATION 

This application claims the bene?t of US. Provisional 
PatentApplication No. 60/932,232, ?led May 29, 2007 Which 
is incorporated herein by reference. 

BACKGROUND 

1. Field of the Invention 
The present invention relates generally to fabrication of 

micro-lenses and arrays of micro-lenses and other micro 
scopic structures having curved surfaces. As such the inven 
tion related generally to optics, materials science and micro 
level manufacturing. 

2. Related Art 

Micro-Electro-Mechanical Systems (MEMS) are devices 
Which integrate microscopic scale components on a common 
substrate. Digital mirror devices are one example of a MEMS 
device that has achieved market success as used Within pro 
jection televisions. 

Fabrication of MEMS devices is sometimes referred to as 
micromachining. Micromachining can be performed using 
integrated circuit (IC) processing sequences such as photoli 
thography to de?ne features on a substrate. Silicon is a popu 
lar substrate material. Typically, the features manufacturing 
in photolithography are substantially planar, With deposited 
or removed layers of material being only a feW micrometers 
thick and generally of uniform thickness. Features are for the 
most part de?ned by vertical boundaries, although slopes can 
be achieved using, for example, directional (non-isotropic) 
etching (e.g., potassium hydroxide etching of silicon). 

There is a desire to produce components Within MEMS 
devices that have a non-planar surface topography. For 
example, integrated optical systems use micro-lenses or 
micro-mirrors having diameters betWeen about 1 micrometer 
to several hundred micrometers. Fabricating curved surfaces 
of a micro-lens or micro-mirror can be particularly dif?cult. 
Some success has been achieved With so-called gray scale 
lithography, hoWever gray scale masks can be expensive and 
the photolithography process must be tightly controlled. 

Alternate approaches for fabricating non-planar surface in 
a MEMS device include molding desired features into a poly 
mer material. Long term stability and reliability of polymer 
material can be a concern. 

SUMMARY 

Accordingly, the present inventors have recogniZed the 
need for an alternate method of fabricating non-planar sub 
millimeter scale features. Brie?y, and in general terms, one 
embodiment of the invention is directed to a method of fab 
ricating a sub-millimeter scale curved surface on a substrate. 
The method can include cutting a plurality of trenches of 
varying depth into the substrate. The depth of the trenches can 
correspond to a desired surface pro?le. Another step of the 
method can include etching the substrate to remove material 
left betWeen the trenches to form the curved surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Additional features and advantages of the invention Will be 
apparent from the detailed description Which folloWs, taken 
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2 
in conjunction With the accompanying draWings, Which 
together illustrate, by Way of example, features of the inven 
tion; and, Wherein: 

FIG. 1(a) is a side vieW illustration of a substrate in accor 
dance With an embodiment of the present invention; 

FIG. 1(b) is a side vieW illustration of the substrate of FIG. 
1(a) after a plurality of trenches have been cut into the sub 
strate in accordance With an embodiment of the present inven 
tion; 

FIG. 1(0) is a side vieW illustration of the substrate of FIG. 
1(b) after material betWeen the trenches has been removed to 
form a curved surface in accordance With an embodiment of 

the present invention; 
FIG. 2 is a top vieW illustration of a substrate having a ?rst 

plurality of trenches and a second plurality of trenches cut 
into the top surface in accordance With an embodiment of the 
present invention; 

FIG. 3(a) is a side vieW illustration of a substrate having a 
plurality of trenches cut into a top surface in accordance With 
an embodiment of the present invention; 

FIG. 3(b) is another side vieW illustration of the substrate of 
FIG. 3(a); 

FIG. 3(0) is a top vieW illustration of the substrate of FIG. 

3(0); 
FIG. 4 is a top vieW illustration of a Wafer having an array 

of curved surfaces in accordance With an embodiment of the 
present invention; 

FIG. 5 is a perspective vieW illustration of a concave sur 
face in accordance With an embodiment of the present inven 
tion; and 

FIG. 6 is a perspective vieW illustration of a convex surface 
in accordance With an embodiment of the present invention. 

These ?gures are provided for purposes of illustration and 
clarity and are not intended to be limiting of the invention. As 
such, various dimensions and con?gurations can and likely 
Will deviate from those illustrated. 

DETAILED DESCRIPTION OF EXAMPLE 

EMBODIMENT(S) 

Reference Will noW be made to the exemplary embodi 
ments illustrated in the draWings, and speci?c language Will 
be used herein to describe the same. It Will nevertheless be 
understood that no limitation of the scope of the invention is 
thereby intended. Alterations and further modi?cations of the 
inventive features illustrated herein, and additional applica 
tions of the principles of the inventions as illustrated herein, 
Which Would occur to one skilled in the relevant art and 
having possession of this disclosure, are to be considered 
Within the scope of the invention. 

In describing embodiments of the present invention, the 
folloWing terminology Will be used. 

It must be noted that, as used in this speci?cation and the 
appended claims, the singular forms “a,” “an,” and “the” 
include plural referents unless the context clearly dictates 
otherWise. Thus, for example, reference to “a trench” 
includes reference to one or more of such trenches and refer 
ence to “masking” refers to one or more of such processing 
steps. 
As used herein, “substantially” or “substantial” refers to 

the complete or nearly complete extent or degree of an action, 
characteristic, property, state, structure, item, or result. For 
example, an object that is “substantially” enclosed Would 
mean that the object is either completely enclosed or nearly 
completely enclosed. The exact alloWable degree of deviation 
from absolute completeness may in some cases depend on the 
speci?c context. HoWever, generally speaking, the nearness 
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of completion Will be so as to have the same overall result as 
if absolute and total completion Were obtained. The use of 
“substantially” is equally applicable When used in a negative 
connotation to refer to the complete or near complete lack of 

action, characteristic, property, state, structure, item, or 
result. 

Concentrations, amounts, and other numerical data may be 
expressed or presented herein in a range format. It is to be 
understood that such a range format is used merely for con 
venience and brevity and thus should be interpreted ?exibly 
to include not only the numerical values explicitly recited as 
the limits of the range, but also to include all the individual 
numerical values or sub-ranges encompassed Within that 
range as if each numerical value and sub-range is explicitly 
recited. 

As an illustration, a numerical range of “about 1-10 
micrometers should be interpreted to include not only the 
explicitly recited values of about 1 micrometer and about 10 
micrometers, but also include individual values and sub 
ranges Within the indicated range. Thus, included in this 
numerical range are individual values such as 6, 7, and 8 
micrometers, and sub-ranges such as 1-5 micrometers, 5-10 
micrometers, and 2-8 micrometers, etc. This same principle 
applies to ranges reciting only one numerical value and 
should apply regardless of the breadth of the range or the 
characteristics being described. 
As used herein, the term “about” means that dimensions, 

siZes, formulations, parameters, shapes and other quantities 
and characteristics are not and need not be exact, but may be 
approximated and/or larger or smaller, as desired, re?ecting 
tolerances, conversion factors, rounding off, measurement 
error and the like and other factors knoWn to those of skill in 
the art. Further, unless otherWise stated, the term “about” 
shall expressly include “exactly,” consistent With the discus 
sion above regarding ranges and numerical data. 
As used herein, a plurality of items may be presented in a 

common list for convenience. HoWever, these lists should be 
construed as though each member of the list is individually 
identi?ed as a separate and unique member. Thus, no indi 
vidual member of such list should be construed as a de facto 
equivalent of any other member of the same list solely based 
on their presentation in a common group Without indications 
to the contrary. 

FIG. 1(a) through 1(c) illustrates a micro-lens being fabri 
cated in accordance With an embodiment of the present inven 
tion. The micro-lens can be fabricated on a provided substrate 
10. For example, the substrate may be silicon (e.g., polycrys 
talline or single crystal, including silicon-on-insulator), 
ceramic, semiconductor (e.g., gallium arsenide, germanium, 
etc.), polymer material, quartZ, glass, composites thereof, or 
other suitable material. A plurality of trenches 12 of varying 
depth can be cut into a top surface 11 of the substrate as shoWn 
in FIG. 1(b) leaving residual material 16 betWeen the 
trenches. The trenches de?ne a non-planar or curved pro?le 
14. The cutting is performed mechanically, for example, 
using a dicing saW. Cutting depths and lens dimensions can 
vary considerably depending on the desired ?nal shape. The 
depth may vary, as a particular example, betWeen about 50 
micrometers and about 1000 micrometers. For example, a 
radius of curvature to form a micro lens can be produced 
Within the range of about 250 micrometers to about 4 milli 
meters. Diameters of micro-lenses may range from about 50 
micrometers to about 5 millimeters. In one speci?c embodi 
ment, the micro-lenses can have a maximum dimension of 
less than 1 millimeter. Further, in some embodiments, micro 
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4 
lenses can be fabricated for speci?c applications Which 
require non-circular lenses, e.g. elliptical, aspheric, blocky, 
etc. 

The residual material 16 can be removed using a chemical 
etchant. For example, an isotropic etching can be particular 
suited to form the desired curved surface 18. For example, 
silicon can be etched using a solution of hydro?uoric acid, as 
Well as other knoWn etchants. For example, a mixture of 
hydro?uoric acid, nitric acid, and acetic acid (HNA) is a 
useful etchant. It Will be appreciated that the curved surface 
corresponds to the pro?le 14, but is displaced someWhat 
deeper into the substrate relative to the pro?le, since etching 
also removes some material from the substrate from the bot 
tom of the trenches 19. Thus, the pro?le 14 can be carefully 
designed so that the desired ?nal lens shape is achieved after 
etching. Such pro?le design can be readily performed by 
theoretical calculations, simulation, and/ or routine experi 
mentation. A suitable etching time can be readily chosen to 
balance residual material and providing the desired pro?le 
Without removing excessive material. 

Further, the processing of the present invention can also 
result in surface contours Which are extremely smooth on a 
nanoscale and can provide improved performance With 
reduced manufacturing costs. For example, in some embodi 
ments, the surface roughness can be beloW about 2 angstroms 
and often beloW about 50 nanometers, although other rough 
ness can also be suitable depending on the particular appli 
cation. In one aspect, the curved surface can be substantially 
free of curvature defects, i.e. a smoothly arced pro?le su?i 
cient to satisfy product parameters such as aberration, focal 
point, etc. 
More than one plurality of trenches may be cut into the 

substrate to de?ne a more complex pro?le. For example, as 
shoWn in top vieW in FIG. 2, a ?rst plurality 12a of trenches 
may be cut into the substrate in one horizontal direction 20, 
and a second plurality of trenches 12b be cut into the substrate 
in a second horiZontal direction 22. The trenches are at an 
angle relative to each other, the angle being measured in the 
horiZontal plane de?ned by the saW movement When making 
the cuts. The ?rst plurality of trenches may, for example, be 
orthogonal (90 degree angle as in FIG. 2) relative to the 
second plurality of trenches as shoWn here, although this is 
not essential. 
By cutting trenches in more than one direction, a three 

dimensional surface pro?le can be de?ned. In other Words, by 
varying the depth of the ?rst plurality of trenches 1211, the 
pro?le is non-planar in the ?rst direction 20, and by varying 
the depth of the second plurality of trenches 12b, the pro?le is 
non-planar in the second direction 22. If desired, additional 
pluralities of trenches can be cut at additional angles to pro 
vide even more control over the pro?le, and in turn the result 
ing shape of the curved surface after etching. 

Trenches can be parallel cuts, although this is not essential. 
If desired, trenches may be cut at a plurality of angles relative 
to each other. Furthermore, trenches need not be cut perpen 
dicularly into the top surface of the substrate. For example, 
the saW can be angled relative to perpendicular or normal to 
the surface. Some curve shapes may be more ef?ciently fab 
ricated by using a combination of angled cuts. 

FIG. 3(a), FIG. 3(b), and FIG. 3(0) illustrate side vieWs and 
top vieW of a substrate 10' Which has been cut With trenches 
12' angled 32 relative to the vertical 34, and angled relative to 
each other. It Will be noted from the side vieW in FIG. 3(b) that 
the depth of the bottoms 19' of the trenches can also optionally 
be varied along the length of the cuts. Similarly, FIG. 3(0) 
illustrates non-parallel cuts Which are slightly angled from 
one another. Accordingly, extremely complex pro?les can be 
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created Within the constraints of the controllability of the saW 
or other method used to form the trenches. 

To form a mirror, a re?ective material can be deposited (by 
sputtering, evaporation etc.) on the curved surface after etch 
ing. Non-limiting examples of suitable re?ective material can 
include aluminum, silver, gold, platinum, or other re?ective 
metal. Altemately, if desired, optical coatings such as dielec 
tric coatings (e.g. calcium ?uoride, magnesium ?uoride, 
metal oxides, etc.), high-re?ection coatings (e.g. silicon diox 
ide, titanium dioxide, zinc sul?de, magnesium ?uoride, etc.), 
anti-re?ection coatings, multi-layer coatings, and/ or compos 
ite coatings may be applied to the curved surface to vary 
optical properties and/or form complex lenses. Suitable 
re?ective materials and optical coatings are Well knoWn to 
those skilled in the art and can be selected based on the 
teachings herein for particular applications. 

The process for forming the curved surface as just 
described is compatible With semiconductor processing 
steps. Accordingly, if desired, semiconductor devices may be 
formed on the substrate either before or after fabricating the 
curved surface. For example, as illustrated in FIG. 4, trenches 
12" may be cut into portions of a Wafer 42 (eg to form a 
curved lens or mirror at intersections 44 of trenches). The 
trenches may have varying depth, as described above. Depth 
of the trenches may be varied to de?ne prede?ned radius of 
curvature for each curved portion. Other portions 46 of the 
Wafer may be reserved for electronic devices. Upon comple 
tion of fabrication, if desired, the Wafer may be separated into 
individual devices using a dicing saW. Because fabrication 
can be performed on a Wafer scale, high throughput manu 
facturing may be obtained. 

It Will be appreciated that various shapes of curved surfaces 
can be formed. In general, the curved surface can present a 
three-dimensional curve, in that the depth of the curved sur 
face Z relative to the original horizontal top surface of the 
substrate can be described as a function of the horizontal 
position x, y in tWo-dimensions on the top surface z:f(x, y). 
Achievable surface shapes Will be a function of the saW Width, 
depth control (e.g., depth resolution), cutting angle control 
(e. g. vertical miter angle), rotational control of substrate (e.g. 
horizontal miter angle), etc. 

The curved surface can, for example, be concave or convex 
relative to the top surface of the substrate. For example, as 
shoWn in perspective vieW in FIG. 5, a concave curved surface 
52 can be formed by increasing the depth of the trenches near 
the center 54 of the curved surface. Trenches generally pass 
straight horizontally across and can limit the radius of curva 
ture. HoWever, this is someWhat mitigated by the removal 
process Which tends to deepen the trenches beyond the edges 
of the cuts. Altemately, as shoWn in perspective vieW in FIG. 
6, a convex curved surface 56 can be formed by decreasing the 
depth of the trenches near the center of the curved surface. As 
another example, the curved surface may be concave in one 
direction and convex in another direction (e. g., a saddle 
shape), or more complex curvatures can be formed. HoWever, 
for micro-lens arrays, a cylindrical surface can be particularly 
suitable, i.e. having a constant cross-section pro?le doWn the 
length of the lens. 

In another alternative embodiment, a substrate having a 
curved surface formed as disclosed herein can be used as a 
mold for fabrication of curved surfaces in a polymer material. 
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6 
For example, the substrate may be used as a mold onto Which 
a polymer is poured and cured to take the curved surface 
shape. As another example, the substrate may be used as a 
mold for embossing or contact printing the curved surface 
shape into a material. 

Summarizing and reiterating to some extent, techniques for 
forming sub-millimeter scale non-planar surfaces on a sub 
strate have been described. One advantage of the techniques 
is that no masking is required to form the curved surface. 
Simple processing steps of cutting and isotropic etching can 
be used instead. Accordingly, the expense and processing 
steps of making the masks and photolithography can be 
avoided. Micro-lenses can be formed and integrated With 
electronics devices. Non-limiting examples of applications 
can include charge coupled devices (CCDs), CMOS active 
pixel sensors (APS), photodiode arrays, hybrid focal plane 
arrays, and the like. Other applications can include sensors for 
astrological study Which utilize terhertz sensors. 

While the forgoing examples are illustrative of the prin 
ciples of the present invention in one or more particular appli 
cations, it Will be apparent to those of ordinary skill in the art 
that numerous modi?cations in form, usage and details of 
implementation can be made Without the exercise of inventive 
faculty, and Without departing from the principles and con 
cepts of the invention. 
What is claimed is: 
1. A method of fabricating a sub-millimeter scale curved 

surface on a substrate comprising: 
providing a substrate; 
cutting a ?rst plurality of trenches of varying depth into the 

substrate, Wherein a depth of the trenches corresponds to 
a desired surface pro?le; 

cutting a second plurality of trenches of varying depth into 
the substrate, the second plurality of trenches at an angle 
to the ?rst plurality of trenches, the depth of the trenches 
corresponding to a three-dimensional desired surface; 
and 

etching the substrate to remove material left betWeen the 
trenches to form the curved surface. 

2. The method of claim 1, Wherein the ?rst plurality of 
trenches is orthogonal to the second plurality of trenches. 

3. The method of claim 1, further comprising cutting a third 
plurality of trenches angled relative to the ?rst plurality of 
trenches and to the second plurality of trenches. 

4. The method of claim 1, Wherein the ?rst plurality of 
trenches has a depth betWeen about 50 micrometers and about 
1000 micrometers. 

5. The method of claim 1, further comprising depositing a 
re?ective material on the curved surface. 

6. The method of claim 1, further comprising forming 
electronic devices on the substrate. 

7. The method of claim 1, further comprising using the 
curved surface of the substrate as a mold for fabricating a 
curved surface into a polymer. 

8. The method of claim 1, Wherein the curved surface is 
substantially free of curvature defects. 

9. The method of claim 1, Wherein the substrate comprises 
silicon or a polymer. 

10. A product formed by the method of claim 1. 

* * * * * 


